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I I. INTRODUCTION

r In the operation of travel i ng—wave and magnetron type micro-

L wave amplifiers , cumulative interaction occurs when the electron

beam travels in near synchronism with an electromagnetic wave.

But phase velocities associated wi th ordinary waveguides exceed

the velocity of light, while electron velocities cannot. There-

fore , specialized slow wave structure s , capable of propagating

- electromagnetic waves with phase velocities less than the velocity

of light , are required for useful interaction wi th electron beams.
- 

Typical examples include the helix supported by dielectric rods,

- 

the meander line used in injected beam crossed-field amplifiers

(IBCFA S), the periodically loaded (slotted ridge) waveguide , and

the coupled cavity structure .

- Associated with the Brillouin diagrams 1 (w vs. 
~~~) 

of each of

these structures are frequencies where the group velocity approaches
- 

zero for the various modes of propagation. For example , this

- 
feature appears in the w-~ diagrams of the periodically loaded

- waveguide derived by Gewartowski and Watson2, and the coupled

cavity structure analyzed by Gittins 3. In both these cases, the

regions of low group velocity arise from the band past behavior

of the slow wave circuits . Alternativel y, stop bands which are

not theoretical characteristics of a particular ideal slow wave

structure may result from imperfections In construction. These

— stop bands introduce additional frequency regions of low group

L velocity .

The regions of low group velocity and resultant high interaction

- I
- ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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I
impedance can cause undesirable effects in amplifier behavior.

Drive induced oscillations occur near the upper pass band frequency,

where group velocity nears zero, in coupled cavity traveling-wave

amplifiers . G. Dohler and R. Moats4 are presently investigating

“parametric oscillations ” in IBCFA ’s associated with a stop band at

pi radians phase shift oer bar in the meander line slow wave cir-

cuit. These two examples invol ve regions of low group velocity

which are characteristic of the slow wave structures. In high

power single helix traveling-wave amplifiers , a stop band may

appear at the (0) and (-.1) space harmonic crossover frequency ,

corresponding to pi radians phase shift per helix turn . This is

not a theoretical characterisitc of the slow wave structure , but

results from multiple periodicities and asymetries which are i ntro-

duced by imperfections in tube construction. A type of power hole

apparently associated with this stop band repeatedly appears at

one half the crossover frequency.

While most researchers in the field periodically encounter

this type of power hole , and a number of explanations have been

proposed , the phenomenon has never been systematically investigated

or explained theoretically in a satisfactory manner. The following

observations concerning this phenomenon , alternatively referred to

as power suck-out , derive from an unpublished memorandum written

by L.M. Winslow of N.R.1., and private discussions wi th D.J. Bates

and M.V. Purnell of Watkins-Johnson company. These characteristics

. - comprise the description of power suck-out preceding this report:

a) power suck-out commonly occurs at high cathode currents

I
-2-
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in dual mode tubes , wi th single mode tubes seldom affected ;

b) two power holes appear at adjacent frequencies, wi th each

approximately 30 MHz wide and up to 10 db in depth (these two

quantities vary between fliT’s);

c) the power holes appear at approximately one half the (0)

and (-1) space harmonic crossover frequency;

d) the depth of each power hole depends on cathode current,

helix voltage 1 and input power level ;

e) at low input signal levels the power holes are imperceptible;

they occur only at large signals implying that harmonic content

of the beam current may be important;

f) the power holes are most severe near saturated output power;

g) the output power absent at the fundamental frequency does

not appear at the second harmonic;

h) other observations and speculations have been made prior

to this report, but none which were soundly experimentally

supported to the knowl edge of this author.

Figure 1 displays the typical appearance of the phenomenon. The

observation dates from June , 1975 and shows fundamental output

power vs. frequency (within the operating band of the tube) 3 db

below saturation. Because the power holes appear at saturation ,

power suck-out places severe limitations on dual mode amplifier

operation within desi gn specifications. And preliminary measure-

ments in this study revealed that a suitable adjustment of helix

voltage accompanied by an increase in cathode current produced

power suck-out in five of the six dual mode tubes investigated .

-3-
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5.4 5.5 5.6 5.7 5.8 5.9 6.0

drive frequency , GHz
Figure 1. Fundamental output power vs. drive frequency for
constant in put power. Output power is 3 db below saturation .
Hel ix vol tage is 8000 volts; cathode current is 0.600 amps.
Power holes are indicated by arrows : frequency of deeper
hole is 5.61 GHz, depth of deeper hole is 6.0 db.

With thic background , thi s report describes the results of an

experimen tal invest igation of power suck-out in high power single

helix travel ing-wave amplifiers . The objective here is to perform

a variety of measurements which thoroughl y and systematically char-

acterize the phenomenon in one particular tube type . The resulting

description of power suck-out provides a firm basis for a theoretical

solut i on , and indicates design considerations which may reduce its

effec ts . In particular , the results establish a relationship

between the power holes and the output helix stop band at pi

rad ians phase shift per helix turn , and suggest an in terpretation H

of the interaction which causes power suck-out.

The report is organized as follows . Section II presents a

theoretical model for the stop band which appears at pi radians

-4-
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phase shift per helix turn . With emphasis on systematic presentation

of data , section III describes results of experiments involving

power suck-ou t as it appears in Watkins-Johnson traveling-wave

amplifiers. Section IV summarizes the results of section III and

discusses a plausible qualitative explanation for the phenomenon.

Sec ti on V con ta i ns recommen dat ions for fur ther research and i nd i cates

implications of the results on amplifier design. A summary of the

experimental methods and equipment used in this study appears

in an appendix.

-5—
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II. THE HELIX STOP BAND

This section presents a theoretical model which predicts

certain important characteristics of the stop band present at pi

radians phase shift per helix turn.

Two space harmonics of the Bril louin diagram for a lossless

helix in free space appear in figure 2

w
= angular frequency
= wavenumber measured along/ ‘ / the helix axis

p = axial distance between

0 ir/p 2 ir/p

Figure 2. Two space harmonics of the Bril louin diagram for a
lossless helix in free space.

Broadband travelin g-wave amplification relies on properties of

the (0) space harmon ic , while backward wave oscillation involves

the (-1) space harmonic. No means of coupling energy between waves

wi th forward and backward group velocity exists for this idealized

hel ix structure . In actual traveling-wave amplifiers , dielectric

rods support the helix inside a conducting cylindrical sleeve as

shown in figure 3. The abrupt discontinuity presented by the rods

causes reflections, allowing interaction between waves with forward

and backward group velocity . And any misalignment of dielectric

rods in rf circuit construction infl uences the coupling .

* 5The reader is referred to Sensiper ’s rigorous treatment of
propagation on helical structures for more detailed information.

-6-
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support rod

Figure 3. End view of helix structure .

To develop a simple model for the coupling , note that in the

frequency range of interest for the (0) space harmonic , the

electromagnetic wave propagates roughly in a ‘TEM ’ mode at the

velocity of light , c, along the helix wire .5’6 This is consistent

with the observed nearly constant phase velocity of c/cot ‘p

along the helix axis at these frequencies , where ip is the helix

pitch angle. At each point in its progression along the wi re where

the wave encounters a support rod , part of the energy is reflected

with the rest transmitted. The phase relationship of successive

reflections determines to what extent the support rods disturb

ideal propagation and introduce frequency dependent coupling between

forward and backward waves.

Consider helix excitation at the frequency where 8 = nip,

the crossover point of the two space harmonics of figure 2. For
. . 

a he l ix  supported by three perfectly aligned rods, reflections from

successive j unctions of helix wire with dielectric rod are 1200

out of phase. Consequently, assuming that the reflection coefficient

IL associated with each junction is very small , in accordance with

-7- 

I ~~~~~~~~~~~~~~~~~~ 
., .— -~ --~~~~~~- -, . ~~~~~~~—--=,-



— ~—~‘r—~—~-—-— —-—- -—- —~
—--— • --~~ — -—— .— --- — .-—— -.— .--  -.... -- .  . -‘.,~~ —.-————~~~ ——-.. —— —— —- — — .-..

*good tube design , the reflections add to zero and there is no

coupling between forward and backward waves at this frequency.

As might be expected from this observation , application of coupled

mode theory within this simpl e model shows that perfectly aligned

dielectric rods do not introduce a stop band at the crossover

frequency , as will subsequently be shown .

The effect of misaligned support rods can be evaluated wi thin

this framework. Actually, a number of imperfections in rf circuit

construction , such as nonsyninetric attenuation on support rods,

slots in the helix sleeve , periodic variations in helix pitch , or

changes in helix shape due to strain , introduce asymmetries

and multi ple periodicities which contribute to coupling between

forward and backward waves . These mechanisms combine and lead to

coupling which is spatially varying. For simplicity only the effect

of misaligned support rods is considered ; furthermore, the coupling

is assumed to be continuous. In the region of the crossover in

figure 2, equations for the two space harmonics in the absence of

coupling can be approximated as

= cot ~
p

2ir ( )
8_ -~- - ..cot ’p

Pierce ’ s coupled mode theory6 ’7 (assuming continuous coupling)

then predicts that with the addition of coupling we now have

8 ~~8 
r,8 _ B \ 2 1 1/2

8 i2  

+ + 
~ - K 2 1  (2)

2 L~ 
2 1 J

*

Materials chosen for support rods are characterized by a low
relative dielectric constant; this minimi zes their effect on
helix propagation.

- - -- - --~~~--~~~~~~~~~~~~- -~~~~~~~~ 
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The coupling factor, K, must be evaluated from a model describing

the helix and support structure.

A helix length of one turn and its three junctions of helix

p

—4
8p/3 + &~ 8p/3 - 8p/3

Figure 4 .

wire with dielectr ic support rod are shown schematically in figure 4.

For perfectly aligned rods , the phase separation of the junctions

is 8p/3; note that one junction is displaced by an angle 
~4, 

corres-

ponding to one rod misal igned by this amount. If the reflection

coefficient of one junction , p~, is assumed to be very small , the

three reflections from a normalized wave incident from the left add

approximately as fol l ows:

R po [expj( ?42. - 2t~q) +expj(~~
.~2.) +expj(-28p) } (3)

where R is defined as the total reflection from this helix section ,

and terms of second order in Po are neglected. To determine the

effect of coupl i ng near the crossover frequency , we define

B p = i T + 0 (4)

and assume that e and ~q are both small. Then , to first order in

the small quantities :

R Po{ (A /3A
~ 

) j (  0 -  
~~~ ) }  ( 5 )

It is clear that perfectly aligned rods (&~=O) do not introduce

-9-
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coupling at the crossover frequency (0=0), as stated previously.

To evaluate  K, the continuous coupl ing coefficient , we approximate :

K ~~ I.2.QJ( 4 
2 

- 4O~4~ + 

2 

)
l/ 2  (6)

as discussed by Watkins 6 , where we assume that IR I<< l .

We can now evaluate the effects of misaligned support rods

in the coupled mode theory. Substitution of equation (1) into (2)

shows that the stop band appears as in figure 5, with :

8 1 , 2  = ± { (  ~~~ COt’p - !L )
2 

- K
2 

}
l/2  (7)

The boundaries of the stop band are defined as those frequencies

where the second term in equation (7) vanishes at 0=0 (8=~).

0 IT/ p 2rr/p
real part of 8

Figure 5. Appearance of the stop band on a lossless helix
structure. The width of the stop band , Wi - w2, is exaggerated .

With this definition , the width of the stop band fol lows from

equations (6) and (7):

- 4 ixq~ I p o l c
Wi W 2 - 

p cot’p (8a)

-10-
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or:

W i W 2 
= 

4 ti~~~IpoI  (8b )

For “typical” values * (Ap 0.2 radians, Ipo ( 0.025), Wi W2

Equation (8) clearly shows that perfectly aligned rods (&~=O) do

not introduce a stop band at the cross-over frequency , as stated

earlier. Within the stop band , 8 has an imaginary part, given by

Im(81,2) = ±{ l2~.I2  
- ( 

~~~ cot’p — 
~ 

)

2 
~l/2 (9)

This imaginary part results entirely from the reflections which

couple forward and backward waves and not from losses . These results

predicted by the coupled mode equations now need some interpreta-

tion.

Chodorow defines a proportionality between the amplitude of

the electric field in the forward circuit wave , Er~ 
and the power

in the wave , P , asr
r Z

K = ~r (10)
p

where 8i is the cold circuit propagation constant. Since the rate

of energy flow in the wave, 
~r’ 

is directly proportional to the

circuit group velocity , equation (10) shows that the interaction

impedance (coupling impedance), K~,, is i nversely proportional to this

*Thls model for the stop band considers only the effect of mi s-
aligned dielectric helix support rods. In an attempt to account
for the other factors (mentioned previously) contributing to the
stop band which are not contained In the model , a relatively large
val ue Is chosen for ~4.

— 1 1 —
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quantity . As seen in figure 5, group velocity approaches zero

at frequencies near the boundaries of the stop band, resulting

in a high interaction impedance in these regions. And because the

ga i n parameter , C, first suggested by Pierce9 is defined by

C3 = K~/4 R0 (11)

where R0 is the ratio of cathode current to helix vol tage, this

model predicts enhanced gain at frequencies near the boundaries

of the stop band . Within the stop band , the propagation constant

has an imaginary part given by equation (9). At these frequencies,

a forward wave launched on the cold circuit attenuates with distance .

Nevertheless, the possibility of amplification exists wi thin the

stop band , as discussed by Reutz10. These gain mechanisms in

and around the stop band play an important role in the qualitative

explanation of power suck-out proposed in section IV.

To appreciate the difficulty in detecting this type of stop

band , consider a lossless helix structure of finite length.

Because successive reflections from a misaligned support rod add

in phase , this helix transmits only a fraction of the energy

introduced onto it at at stop band frequencies, with the rest

reflected back through the i nput . This accounts for the attenuation

predicted by equation (9). But circuit losses reduce the magnitude

of the reflection , hindering any attempt to locate the stop band

by measuring this quantity . Furthermore, on a circuit with

losses , the boundaries of the stop band are no longer distinct.

This can be seen by considering figure 6*, which qualitatively

*A similar figure was derived previously by E. Lien .11

— 12—
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stop
Im($) band

db/turn K jrcu j t with losses

: 

~~~~~~~~~~~~~~~~~~~~~~ circuit

- Figure 6. Imaginary part of B, corresponding to attenuation
with distance along the helix axis, vs. frequency In the vicinity
of the stop band.

displ ays the imaginary part of ~~, corresponding to attenuation wi th

distance along the helix axis , both wi th and without circuit loss.

In the former case, the stop band is dintinguished only by its

increased attenuation over the value due to circuit losses alone ,

present at adjacent frequencies. Because of these difficulties,

attempts at determining the presence and characteristics of such

a stop band can produce inconclusive results .

t I ,

~~.

I
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III MEASUREMENTS

Two Watkins-Johnson dual mode tube types were available for

measurements concerning power suck-out. The developmental specifi-

cations of the WJ-3633-5 and WJ-3634-l traveling-wave amplifiers

appear below :

RF performance WJ-3633-5 WJ-3634-1
frequency * 2.6-5.2 GHz 4.8-9.6 GHz
rated output power 400 watts pulsed 250 watts pulsed

200 watts cw 125 watts cw
gain at rated power 40 db 28 db

Primary electrical requirements
cathode vo’tage -6.0 to -6.5 kV -8.4 kV
cathode current 0.600 amps 0.450 amps
helix voltage ground ground
cathode to collector #1

voltage 4.7 kV 4.0 kV
collector #1 current 0.050 to 0.375 amps 0.050 to 0.350 amps
cathode to col lector #2

voltage 1.8 kV 2.5 kV
collector #2 current o.400 to 0.080 amps 0.400 to 0.100 amps
grid bias voltage

(referenced to cathode) -300. volts -300. volts
grid drive voltage 140 volts 125 volts
filament voltage 6.3 volts 6.3 volts
fi lament current 2.7 amps 2.4 amps

focusing ‘~pm ppm

Each tube employs a single helix with severs and dielectric support

rods wi th l umped attenuation for oscillation suppression . More

specific information involving such parameters as helix length or

pitch will be provided as it becomes relevant.

Measurements on one particular WJ-3633-5 comprise most of the

report. Power suck-out did not occur under best broadband operating

conditions in this tu tu, but adjustment of helix voltage along wi th

- an increa se in cathode current produced the phenomenon. Aside

t *Dual mode operation .

l4
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from power suck-out , the device suffered no serious defects and

was of production quality . This permitted performance of a wide

variety of measurements to analyze the phenomenon as It affected

normal amplification. Results of experiments performed on this

tube appear in part A of section III. This data constitutes the

experimental characterization of power suck-out undertaken in this

study .

The limi ted availability of other operabl e tubes inhibited

attempts to determi ne the generality of the results of section III.A.

The only other functioning tubes found to be suitable for this

study were two WJ-3634-l ’s. In these TWT ’s, power suck-out

occured under optimum broadband operating conditions and there-

fore seriously degraded tube performance. Unfortunately, each

displayed several other deviation s from normal operation , along

with power suck-out , which hampered measurements. But l imi ted

experiments designed to corroborate the observations of section III.A

produced useful results which appear in part B of section III.

To avoid unnecessary diversion in this section , only a brief

mention of apparatus appears where it is relevart. The appendix

contains a detailed description of equipment used and the resulting

limits of accuracy .

III.A. INVESTIGATION OF ONE WJ-3633-5 TWT

All data contained in section III.A derives from one specific

WJ-3633—5 travel i ng wave amplifier. This section concentrates

primarily on reporting the results of measurements , while the final

interpretation of the data is postponed until section IV .

-15-
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IILA.l MEASUREMENT OF STOP BAND CHARACTERISTICS

The features of the stop band appearing at pi radians phase

shift per helix turn were measured for both the input and output
*

helix sections. Subsequent investigation revealed a relationship

between power suck-out and the output helix stop band , but no

such connection to the input helix stop band. Therefore, the

data concerning the input helix are omitted .

Firs t, the frequency corresponding to p1 radians phase shift

per turn on the output helix was determined. Measurements of

wavelength along the axis of the helix at discrete excitation

frequencies produced the data points displayed in figure 7.

8.00 -

7.00

6.00

5.00

4 .00

‘
I

1.00 1.50 2.00
1/A , cm~

Figure 7. 1/A vs. frequency on the (0) space harmonic for the out-
put helix of the WJ-3633-5 TWT. The frequency corresponding to pi
radians phase shift per helix turn is indicated . (The wave-
length is measured along the axis of the helix.)

*These stop bands occur at different frequencies, since the two
helices are wound wi th a different pitch .

-16-
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The output helix section used for these measurements was identical

to the one in the tube under investigation ; its use eliminated the

necessity of dismantling the operable TWT. For this helix , wound

at 10.32 turns per inch , a phase shift of pi radians per helix turn

occurs for B = = 12.76 cm ’, or 1/A = 2.03 cm ’. From figure 7,

the crossover frequency is therefore 8.00 GHz.

Let us briefly consider the effect produced by a stop band at

the crossover frequency on Tt4T oscillations in the absense of

input power. The frequency of oscillation depends on the frequency

where the slow space charge wave line intersects the space harmonics

shown in figure 5. However, since the stop band impedes energy

propagation , oscillat ions at frequencies within the stop band will

be suppressed . Therefore , as helix voltage is increased and the

slow space charge wave line sweeps through the stop band region ,

we expect a rapid change in oscillation frequency from the value at

the lower edge of the stop band to that at the upper edge of the

stop band. Furthermore , any oscillati on which occurs within the

stop band will be characterized by a greater start current than

is required at frequencies adjacent to the stop band.

Measurements of these oscillations indicate the presence of a

stop band at the crossover frequency (8.00 GHz) on the output

helix of the WJ—3633-5. At a particular helix voltage wi th no

input signal , cathode current is increased until oscillation

occurs on the output helix section. Measurements of the oscillatio n

frequency and minimum beam current required for oscillation

(start current) for various helix voltages appear in figures Ba

and 8b.

— 17-
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0

Hel i x volta ge , kV
Figure 8a . Oscillation frequency vs. helix voltage for the output
section of the WJ-3633-5. Between 6200 and 6400 volts , the input
section oscillate d at a lower start current than the output section ,
p revent ing measuremen t on the lat ter .

~ 890 •input section
start  current  I

~~ ::
-
~~~ 800

I 
S

.~~~ 770 S ..

4-’ . •5
o S
0)

‘I’ 7AflV • • S

• • output section
~ 710 start current
0

I I I S I I S -,

5.9 6.0 6.1 6.2 6.3 6.4 6.5 6.6 6.7
Helix voltage , kV

Figure 8b. Output section start current vs. helix voltage corresponding
to the measurements in figure 8a. Input start current is indicated
between 6200 and 6400 volts as a lower bound on output start current.
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For helix vol tages between 6200 and 6400 volts , the input helix

section oscillated before the output helix start current was reached ,
*

preventing measurements on the outj ut section. In this voltage

range , the start current for input helix oscillation is indicated

as a lower boun d for output helix start current. When interpreted

as descr i bed in the previous paragraph , these figures imply the

p resence of a s top band on the output helix sec tion near 8.06 GHz

with a width of approximately 140 MHz. (Analagous data for the input

hel ix section , which appears in the appendix , d is p lays the typi cal

appearance of a stop ban d , and should be compared to figures 8a

and 8b.)

Measurements of the reflection coefficient looking into the

output of the WJ-3633-5 support the conclusions based on output

hel ix oscillation frequencies and start currents . This reflection

coefficient indicates the quality of the match between the helix and

coax ial output transmission line , but the effect of an offset

su ppor t rod , as discussed previously, should i ncrease the reflect i on

coeff icier t in the vicinity of the stop band. Measurement of the

magnitude of the reflection coefficient vs. frequency for the output

section of the WJ-3633-5 appears in figure 9. The large peak implies

the presence of a stop band centered at 8.07 GHz wi th width of

approxima tely 180 MHz , ccrrobora t i ng prev i ous measuremen ts .

In addition to their consistency with one another , the various

*
Output section oscillations appear only at the TWT output; input
section oscillations appear at the TWT input , and are carried onto
the output section by the electron beam , as well. Hence , output
section oscillations cannot be investigated if the associated

-- start current exceeds the input section start current.

-19- 
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Figure 9. Magnitude of the reflection coefficient vs. frequency
looking in the output of the WJ—3633-5.

charQLteristics of the stop band determined from these three sets

of measuremen ts compare well wi th the predictions of the theoretical

model . An output helix section constructed on the same apparatus as

(and , therefore , expected to be i dentical to) the one in the

WJ-3633-5 under investigation contained a helix support rod mi s-

aligned by 10° (0.2 radians). For a reasonable value of (p ot (1/40),

equation B predicts a fractional stop band width of 1%. At a

crossover frequency of 8.0 GHz, this corresponds to a stop band

width of 80 MHz , in reasonable agreement with measurements , considering

the simplicity of the model . (Recall that the model considers

only misaligned support rods , and neglects other effects which

contribute to the formation of this stop band). Consequently,

- - the presence and dimensions of a stop band at the crossover frequency

on the output helix of this WJ-3633-5 are established with good

certainty .

-20-
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I
III.A. 2 GENERA L APPEARANCE OF POWER SUCK-OUT

As mentioned previously, power suck-out occurs commonly in

high power single helix dual mode amplifiers . Preliminary measure-

ments indicated the presence of the phenomenon in the WJ-3633-5

near one half the crossover frequency (8.00 GHz), in accordance with

results preceding this report (item c, page 3). Section III.A.2

discusses the genera l features of power suck-out as it appeared in

this TWT. Measurements were performed to investigate the dependence

of power suck-out on cathode current , helix voltage , and input power.

This section concludes wi th a brief look at the harmonic character-

istics of this tube which relate to power suck-out.

Dependence on cathode current. Initial observations indicated

that an increase in cathode current near the start oscillation

current rapidly enhances power suck-out. Accordingly, most measure-

ments on this WJ-3633-5 were performed at a beam current only

sli ghtly l ower than the current at which oscillation occurs wi thout

rf drive (the maximum current for useful operation) so that the

appearance of the power holes is most pronounced. A sufficient

reduction in beam current diminishes the depth of the power holes

so that they no longer present a limi tation to tube operation. In

this sense , power suck-out places an upper limit on the useful

beam current and hence the pulse -up power available in a dual

mode tube .

Dependence on helix vol tage. Each of the figures lOa-lOk

displays the power transfer curve of the tube (fundamental output

power vs. frequency) at various helix voltages. The cathode

-21-
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current of 0.700 amps and input power (held constant with frequency)
*

10 db below saturation drive remain constant in this series of

measurements . At these values , the power holes are most easily

observable for two reasons. First , the maximum depth of the power

holes for a constant cathode current and helix voltage occurs

wi th input power 10 db below saturation drive . Second , any increase

in cathode current would cause the tube to oscillate at one or

more of the helix vol tages of interest , so that 0.700 amps represents

the maximum curren t useful over the full voltage range.

The two distinct power holes (indicated by arrows), char-

acteristic of power suck-out , appear over only a limi ted range of

helix voltages . The depth and frequency of both power holes

depend on voltage as follows . Each has a helix voltage of maximum

depth , around 6000 volts for the l ower frequency power hole

(figure lOd), and 6600 volts for the upper frequency power hole

(figure l0j). Each decreases in depth as voltage is adjusted

away from the voltage where it predominates . Furthermore , the

frequency of each power hole increases with voltage , as summarized

in figure 101 . It should be emphasized that the two frequencies

tune continuously with voltage , wi th no discrete jumps observed.

An additional comment is in order here . The depth of the

power holes listed in figure captions was measured with an accurate

thermoelectric power meter. But the fundamental output power

displayed in figures lOa-l0k was measured wi th a crystal detector.

*Throughout the report, the input power is measured relative to the
value required for saturation , referred to as saturation dri ve .

-22-
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3.O~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

3.958 GHz
2.0 Figure lOa .

Helix voltage
=5700 volts .

1.0

I I I I -$

3.7 3.8 3.9 4.0 4.1 4.2 4.3
C

40
I-

I ~~~~~~~~~~~~~~~~~~~~~~~~~~ .
a 3 2 H Figure lOb.

1 ~~~~~ ge
=5800 volts .0.

4.)

0

10
— I I I I I

3.7 3.8 3.9 4.0 4 .1 4.2 4.3
40

C
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:: ~~~~~~~~~~~~~~~~~~~~ 5 z

p 5900 volts .
3.974 GHz

I.u 3.3 db

I I I I

3.7 3.8 3.9 4.0 4.1 4.2 4.3
Drive frequency , GHz

Figures b a , lOb , lOc. Fundamental output power vs dri ve frequency
for various helix voltages . Cathode current is 0.700 amps. Input
power is 10 db below saturation drive . Power holes are indicated
by arrows along wi th their frequency and depth .
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Figures lOd , We, lOf. Fundamental output power vs. dri ve frequency
for various helix voltages . Cathode current is 0.700 amps . Input
power Is 10db below saturation drive . Power holes are indicated
by arrows along with their frequency and depth .
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
4 014 GH 4.090 GHz

. Figure lOh .
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~~~ Dri ve frequency , GHz
1. Figures lOg , lOh , 101 . Fundamental output power vs. drive frequency

for various helix vol tages . Cathode current Is 0.700 amps. Input
power Is 10 db below saturation drive. Power holes are Indicated

LI by arrows along wi th their frequency and depth .
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4.095 GHz Figure lOj.

__ 0.6 db Helix vol tage
.~~~ 2.0 =6600 volts .
C

~ 1.0
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.0
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Drive frequency , GHz
Figures lOj , 10k . Fundamental output power vs. drive frequency
for various helix vol tages. Cathode current is 0.700 amps. Input
power is 10 db below saturation drive . Power holes are indicated
by arrows along with their frequency and depth.
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j 1 $ ’ I I l I  I I I
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Helix voltage , volts
FIgure 101 . Frequency of power holes vs. helix voltage .
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Since the latter device proved to be slightly nonlinear , the ordinates ,

though nearly linear in gain , are labeled only wi th an arbitrary scale

for purposes of compari son between figures. The objective In these

figures is to show the nature of the phenomenon and to begin to

characterize it from a general starting point. The relatively fast

response time of a crystal detector allows measurement of output

power while input power is swept in frequency . This greatly

expedites the measurement of data displayed in these figures . The

same comments apply to figures lla-l lg and l2a-12f , which are

presented later. More accurate evaluation of gain and output power

appears in subsequent sections.

A question may arise regarding figures such as l0h and the

interpretation of slight gain variations as power suck-out. In

cases such as this , an increase in the beam current with simul-

taneous increase of drive level to eliminate oscillations sufficiently

enhanced the effect to allow its i dentification at the frequencies

indicated . Furthermore , observation of the behavior of the power

hole as helix vol tage was varied allowed unambiguous identification

of power suck-out , even when the effect was minimal.

Dependence on input power. Next, the behavior of power suck-out

as a function of input power is considered. Measurements of funda-

mental output power, P, and helix interception current, i , vs.

frequency , at various drive levels , appear in figures lla- llg

and l2a-12f. Helix voltage and cathode current are held constant

within each set of figures. The helix voltage where the lower

frequency power hole predominates , and helix vol tage where the

upper frequency power hole predominates determine the choice of

-27-
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voltages in figures Ila-lig and figures l2a-12f , respectively. The

cathode current chosen in each case is only slightly less than the

start oscillation current at that voltage to enhance the appearance

of the power suck-out. Within each figure , input power is constant

over the frequency range of interest. In these figures , note that

fundamenta l Output power is measured from the bottom of the figure

and calibra ted on the left vertical scale , while helix interception

current is measured from the top of the figure and calibra ted on

the right vertical scale.

The following features of figures ll a - llg describing the lower

frequency power hole deserve comment. With the tube overdriven

(figure h a), the power hole is shallow . As drive is reduced , the

depth of the power hole increases to its maximum value with input

power 10 db below saturation drive. As the power hole grows , a

decrease in helix current appears at the same frequency . It occurs

most visibly where the power hole is deepest, in figure lid. As

drive is reduced further , the dip in helix current becomes a peak ,

and the power hole shifts to a higher frequency and becomes

narrower . Finally, the appearance of the very narrow abrupt dip in

fundamental output power and the corresponding peak in  helix inter-

ception current in figure h g  suggest the presence of an oscillation .

Both the effects apparent in figure h g disappear at l ower drive

levels.

1~
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Figures ila , llb , llc. Fundamenta l output power , P, and helix
interception current, i , vs. drive frequency for various levels of
input power . Cathode current is 0.690 amps . Helix vol tage is
6000 volts . Power holes are indicated by arrows .
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Figures lld , ile , h f .  Fundamental Output power , P, and helix
interception current , i , vs. drive frequency for various levels of
input power. Cathode current is 0.690 amps . Helix voltage is
6000 volts . Power holes are indicated by arrows .
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Figure 11g. Fundamental output power , P, and helix interception
current , i , vs. drive frequency . Cathode current is 0.690 amps.
Hel ix voltage is 6000 volts . Power hole is indicated by arrow .
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Figures 12a , 12b , l2c . Fundamental output power , P, and helix
interception current , i , vs. drive frequency for various levels of
input power . Cathode current is 0.750 amps. Helix voltage is
6600 volts . Power holes are indicated by arrows .
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6600 volts . Power holes are indicateu by arrows .

-33-

1 

- - 4--



_ _ _ _ _  - - 
-- - - -‘- 4- -

~~~~~~~~~~~
- - 4 - -

The same comments apply to figures l2a-12f which describe the

upper frequency power hole. Only slight variations of fundamental

output power and helix interception current appear when the tube

is overdriven . The dips in fundamental Output power and helix

current increase to maximum magnitude in figure 12c , and for l ower

dr ive levels the narrow dip in output power and corresponding peak

in helix current again suggest a tube oscillation (figure 12e). At

low enough input power , the phenomenon is absent (figure 12f).

Note also the change in frequency of power suck-out as drive

level changes. Th is occurs at both helix voltages , 6000 volts

(figures lla-l lg) and 6600 volts (figures 12a-12f). The apparent

osc illation which occurs at l ower input power levels (15 to 20 db

below saturation drive) may account for part of this change. More

definite comment on this feature and on the relationship between

power suck—out and helix interception current at various drive

levels and beam currents requires further investigation.

Harmon ic output power. The possibility tha t the tube oscillates

at discrete frequencies under conditions such as those in figure llg

or 12e creates interest in the harmonic power output. With the

tube driven at the fundamental , a pair of crystal detectors

simultaneously measure fundamental and second harmonic output

power vs. frequency . Figure 13 displays the results under the

follow ing conditions: fundamental output power corresponds to input

powe r 8 db below sa tura t ion d rive , helix voltage is 6000 volts,

and cathode current is 0.700 amps. Fundamental output power is

roughly 10 db above second harmonic, but the behavior of crystal

detectors prevents accurate comparisons here . More precise
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Figure ~3. Fundamenta l and second harmonic output power vs.
frequency when driving at the fundamental . Helix voltage is
6000 volts . Cathode current is 0.700 amps . Fundamental output
power corresponds to input power 8 db below saturation drive .
Note that the second harmonic output power is roughly 10 db
below fun damental output power.

measuremen ts are described in ensuing pages . Notice the presence

of the fam i li ar dip i n out put power at the fundamen tal w i th the

peak in second harmonic power at precisely twice this frequency .

The magnitude of the peak in second harmonic output rower is not

sufficient to account for all the power “r.i~ s ing ” at the fundamental .

Neither can the presence of the second harmonic peak alone explain

the power hole at fundamenta l , since other peaks in second harmonic

output power appear in figure 13 with no corresponding power hole

in the fundamental .

All data presented in section III.A.2 involves swept frequency

measurements . Crystal detectors permit these fast, convenient

measurements, which nevertheless effectively describe the general

behavior of power suck-out. More accurate determination of such
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I
quantities as gain or power output with thermoelectric power meters

requires continuous tube operation at single frequencies to accommodate

the slower response time . In order to more closely observe the

detailed behavior of power suck-out , this latter type of measurement

was performed .

III.A. 3 ~j~ NTITATIVE BEHAVIOR OF POWER SUCK-OUT

Section III .A.2 provides a general overview of the behavior

of power suck-out. Sections III.A.3 through III.A.5 proceed from those

observations to investigate the details of the phenomenon in a more

quant itative manner . Specifically, section III .A.3 concentrates on

TWT bwhavior when driving at frequencies in the vicinity of the two

power holes which characterize power suck-out.

The lower freguency p
~~~ 

hole . Figures l4a , l4b , and 14c

display results of measuring fundamental output power, helix current,

and second harmonic output power , respectively, vs. inp~tt power driving

at three particular frequencies of interest. These frequencies lie

in the vicinity of the l ower frequency power hole (see figure lOd),

with the selec tion of helix voltage (6000 volts ) and cathode current

(0.670 amps ) corresponding to where this power hole is substantial.

In each of these three figures , the sol id line represents data

taken with the tube driven at 3.950 13Hz, adjacent to but unaffected

by the power hole. The drive frequency of the dashed curves is

3.985 13Hz, where maximum power suck-out occurs with input power

10 db below saturation drive , as in figure lid. The dotted curve

corresponds to input at 3.994 13Hz, where the apparent oscillation

occurs with input power 25 db below saturation drive , as in figure 11g.

Note in figure lld tnat the width of the l ower frequency power hole
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I
is approximately 25 MHz. Also , the dependence of power hole

frequency on drive level indicated in figures lla -lld involves

changes of only a few megahertz. So within 15 db of saturation ,

the data at 3.985 13Hz (dashed curves) should represent tube behavior

in the power hole to good accuracy .

In figures l4a , 14b , and 14c the solid curves display the

features of conventional tube operation. The gain at the fundamental

i s constant unt i l near saturation where the fundamental output power

levels off and decreases in overdrive (figure 14a). Helix current

steadily increases with in put power until near saturation where its

functional behavior becomes complex (figure l4b). Second harmonic

output power increases steadily with input power , reaching its

largest value with the tube slightly overdriven (figure 14c).

The dashed curves display characteristics of power suck-out as

dev iations from normal tube operation (the solid curves). As expected ,

the phenomenon is absent at low input power levels. A deficiency

in both fundamental output power and helix current begins to appear

with input power 15 db below saturation drive (figures 14a and 14b).

The dips i n fundamental output power and helix current grow to their

largest magnitudes near 10 db below saturation drive. At increasing

i nput power levels , the discrepancies decrease and disa ppear with

the tube overdriven. At all power levels , the second harmonic output

power with input at the frequency of the power hole is greater than

• with input at an adjacent frequency (dashed and solid curves ,

respectively, figure 14c), as is expected from figure 13.

I
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Figure l4a. Fundamental output power vs. input power (driving at the
fundamental) at three frequencies of interest. Solid line corres-
ponds to i nput at 3.950 13Hz, adjacent to but unaffected by the power
hole. Dashed line corresponds to input at 3.985 13Hz, the center of
the power hole with i nput 10 db below saturation drive. Dotted line
corresponds to input at 3.994 13Hz, the drive frequency where oscilla -

-. tion occurs with input 25 db below saturation drive .
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Dotted line corresponds to input at 3.994 13Hz, the drive frequency where
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The dotted curves illustrate modifications of the transfer

characteristics caused by the oscillation which occurs when the tube

is driven at 3.994 GHz. It predomi nates at input power l evels

25 db below saturation drive . In this region the helix current and

“second harmonic ” output power are independent of drive level .

The tube appears to be operating as a “locked oscillator ” .

Reduction of drive level below a threshold value of -24 dbm results

in abrupt changes in fundamental output power, “second harmonic ”

output power, and helix current to values consistent with normal

tube operation (solid curves). “Second harmonic ” output power is

referred to with quotes because in the region of oscillation the

frequency of this output power is not precisely twice the drive

frequency . At all other drive levels on the dotted curve , and at

all portions of the other two curves of figure l4c the second harmonic

is exactly twice the drive frequency . So there i ndeed appears to

be a drive-associated oscillation in the vicinity of the power hole

for tube operation at these values of helix vol tage and cathode

current. When driving the tube at 3.994 13Hz (2 f  = 7.988 13Hz) , an

oscillation at 7.975 13Hz occurs under very specific conditions.

Measurements anala gous to those in figure 14 were performed

while operating the tube at the same helix voltage (6000 volts), but

wi th a lower cathode current (0.630 amps). Under these conditions

no oscillation of the type described in the preceding paragraph

• appeared. Figures 15a , l5b , and 15c display fundamental output power,

helix current , and second harmonic output power, respectively, vs.

input power (driving at the fundamental ) at two frequencies of

interest. As before, the solid curves display measurements wi th

I
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I
input at 3.950 6Hz, adjacent to and unaffected by power suck-out.

The drive frequency of the dashed curves is 3.986 13Hz, where maximum

power suck-out occurs .

Once again , the solid curves exhibit normal tube operation ,

while the dashed curves display tube behavior with input at the

frequency of the power hole. At low i nput power levels , the power

hole is absent. The fundamental output power and helix current when

driving at 3.986 13Hz begin to deviate from expected values (the solid

curves) with input power 12 db below saturation drive. The deficiencies

in these two quantities associated with the power hole reach their

largest value with input 8 db below saturation drive , and then

decrease wi th increasing input power eventually disappearing in

overdrive (figures l5a and l5b). Second harmonic output power is

somewhat greater when the tube is driven at the frequency of the

power hole than at an adjacent frequency (figure 15c).

The measurements performed at a beam current of 0.670 amps

and displayed in figure 14 appear almost identical to those performed

• at a beam current of 0.630 amps, summarized in figure 15. Two

exceptions are noted . First, the deficiencies in fundamental

output power and helix current associated with the power hole are

more pronounced at the hi gher beam current , as is expected from

previous observations . Second , and more important , the drive-

associated oscillation which occurs under specific conditions at the

-- higher beam current is absent at the lower current. So the drive-
-. 

associated oscillation and power suck-out phenomena are distinct

effects, though explanations of their occurance may be closely related .

I
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The upper frequenc~ power hole. Measurements of the type

displayed in figures 14 and 15 were also performed at a helix voltage

of 6600 volts where the upper frequency power hole predominates

(see figure l0j). At the same beam current , the depth of this power

hole is less than that of the lower frequency power hole (compare

fi gures lOd and l0j). So a larger beam current is required to

facilitate unambiguous measurements of power hole characteristics

at this voltage . This introduces some difficulty in isolating the

effects of the power hole and the drive-associated oscillation which

both appear here as they did at a helix voltage of 6000 vol ts . At

a cathode current low enough that the oscillation disappears , the

power hole is too shallow for meaningful measurements . Al so, the

drive-associate d oscillation and power hole occur at virtually the

same drive frequency , in contrast to the situation apparent in

figure 14. This further comp l icates isolation of the characteristics

of the two phenomena.

Fig ures l6a , 16b , and l6c show fundamental output power , helix

current , and second harmonic output power, respectively, vs. input

power (driving at the fundamental ) at two frequencies of interest.

The sol id curves correspond to input power at 4.072 13Hz, adjacent

to but unaffected by the power hole. These curves depict normal tube

operation. The dashed curves correspond to input power at 4.092 GHz ,

the frequency of minimum fundamental output power for both the power

hole and the drive associated oscillation. The curves illustrate

deviations from normal tube operation associated wi th these phenomena.

The interpretation of figure 16 is exactly the same as for figure 14,

wi th the exception that in the latter , the power hole and drive-

associated oscillation do not occur at the same drive frequency .
-46-
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In figure l6c , the second harmonic output power associated with the

oscillation is at precisely twice the drive frequency .

Fi gures l7a , l7b , and l7c dis play measurements taken at a

lower cathode current (0.720 amps) than those in figure 16. The

solid curves show normal tube operation at a drive frequency of

4.070 13Hz, adjacen t to but unaffecte d by the power hole. The dashed

curves correspond to a drive frequency of 4.094 13Hz, the frequency

of both the power hole and drive associated oscillation. The

osc i l l a ti on , though still present at this cathode current , is less

noti cea b le than in figure 16 , an d does not persist to as low an

input power level . The i nterpre tation of fi gure 17 is the same as

for fig ure 15 , and the conclus ions based on comparison of figures

1 4 and 15 apply to f ig ures 1 6 and 17 as well and w i ll not be

re peate d here .
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I
Sumary. The observations made in figures 14-17 may be

briefly sumarized by describing the two distinct effects. First,

the power holes associated wi th power suck-out appear for input

power wi thin 15 db of saturation drive. The deficiencies present

in fundamental output power and helix current (with i nput at the

frequency of the power hole) correlate well and reach their largest

value with input 10 db below saturation drive . They diminish as

fundamental output power approaches saturation and disappear in

overdri ve . These deficiencies are measured relative to data taken

while driving at a frequency adjacent to but unaffected by power suck-

out. The second harmonic output power when driving at the frequency

of the power hole exceeds that measured when driving at an adjacent

frequency .

The second effect, the drive-associated oscillation , appears at

considerably l ower drive levels than the power holes. Associated with

the narrow abrupt dip in fundamental output power at this frequency

is a large increase in helix current and “second harmonic” output

power , both with magnitude independent of input power. When input

power or beam current is reduced below a threshold value required

for oscillation , these symptoms abruptly disappear. The output power

referred to as ‘ second harmonic ’ is at the oscillation frequency

which is not necessarily twice the drive frequency .

The measurements of this and the preceding section produce a

clear picture of the appearance of power suck-out. In viewing

these results , the implications of increased harmonic output power

and the drive-associated oscillations lead back to the question

posed preceding this report regarding the possible relationship
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between power suck-out and the stop band measured in section III.A.l.

Section III.A.4 proceeds with a careful consideration of this issue.

III.A.4 THE IMPORTANCE OF HARMONIC POWER IN THE APPEARANCE OF

POWER SUCK-OUT

The nonlinear behavior of the electron beam leads to generation

of harmonic output power in traveling -wave amplifiers .12 Several

of the measurements descrived so far suggest that this nonlinearity

is important in the appearance of power suck-out. First , figures

14-17 reveal that the phenomenon is a large si gnal effect, present

where the beam becomes nonlinear , and absent at low input power

levels where non-linear effects are negligible. Second , associated

with the power holes at the fundamental is an enhanced second harmonic

output power , as seen in figures 13 , l4c, and 15c . Third , in the

drive-associated oscillation described in section III.A.3 , output

power appears near the second harmonic frequency (see figure l4c).

Finally, power suck-out occurs in this WJ-3633-5 near half the stop

band frequency , wi th the width of the stop band (measured in

section III .A.l as 140-180 MHz) approximately twice as large as

the separation (80-90 MHz) of the two power holes which characterize

power suck-out (see figure 10). This last observation suggests a

harmonic relationship between the power holes and the edges of the

stop band .

Correlation between a p~~~r hole  and a j~j~ ~~~ near the ~~ 2

-• band . The preceding coninents provide motivation for investigati ng

the behavior of this TWT with input power near the frequency of the

stop band. Figure 18 displays the small signal gain of the tube in

this frequency region. Helix voltage is 6100 volts ; cathode current
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is 0.700 amps ; input power is sufficiently small that the TWT

t operates linearly, with gain i ndependent of input power over the

range of measurements . The two distinc tive gain peaks in figure 18

(one at 8.009 13Hz , the other at 8.130 13Hz) appear at the boundaries

of the stop band (8.07 ± 0.08 13Hz) whose characteristics were

discussed in section II and measured in section III.A. 1 . Between

these peaks , the drastic reduction in gain gives further evidence

of the presence of this stop band.

42

38

34
.0.v
- 30

C

IV

~~ 26

22

18

S 5 1 5 I I —~ I ~
7.80 7 .90 8.00 8.10 8.20 8.30 8.40

Drive frequency , 13Hz
Figure 18. Small signal gain vs. drive frequency . Helix vol tage
is 6100 volts ; cathode current is 0.700 amps .

- .  Additional measurements , performed to determine the significance

of the two gain peaks adjoining the stop band to power suck-out ,

reveal that the frequency of the gain peaks increases with hel ix

voltage . Recall that the frequency of maximum power suck-out

depends on helix vol tage in the same way (see figure 101).
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Also , the largest gain peak in figure 18 decreases in magnitude as

helix voltage is tuned away from the voltage where it predominates .

-. reminiscent of the behavior of the power holes (section III.A.l).

Consequently, measurements were conducted to determine the dependence

of the frequency and magnitude of the small signal gain peaks near

the stop band on helix voltage and cathode current. Additional

measurements determined the dependence of the frequency and depth

of the power holes on the same two quantities.

A relationship was discovered between the gain peak at the

lower edge of the stop band (which appears at 8.009 13Hz in figure 18)

and the lower frequency power hole of power suck-out (appearing in

figure 10). Figures l9a and l9b show how the height of this gain

peak , and the depth of this power hole vary with helix voltage

(figure lga ) and cathode current (figure 1gb). (Cathode current

remains constant in figure l9a , while helix vol tage remains constant

in figure 1gb .) The depth of the power hole clearly correlates

with the height of the gain peak. At helix voltages and cathode

currents where this gain peak predominates, the power hole is pronounced.

And any change in helix voltage or cathode current which reduces

the magnitude of the gain peak also diminishes the depth of the

power hole. Furthermore , figures 20a and 20b display how the frequency

of the gain peak and the frequency of the power hole vary with

helix voltage (figure 2Oa) and cathode current (figure 20b). As

in figure 19, the correlation is striking , with the frequency of

maximum gain varying by less than 0.1 % from twice the frequency

of the power hole. Note that the changes in helix voltage and

cathode current alter the frequency of the gain peak by only tens
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I
I of megahertz , so that this peak always remains near the l ower

boundary of the output helix stop band . The data of figures 19

and 20 clearly demonstrate a relation ship between power suck-out

I and the output helix stop band at pi radians phase shift per helix

turn .

Attempts to correlate the upper frequency power hole of

figure 18 to a gain peak at twice its frequency proved futile.

As helix voltage is increased beyond the values used for figures 19

and 20, the gain of the TWT near the stop band decreases steadily.

Consequently, at a helix voltage (6600 volts) where the upper

frequency power hole predominates , noise and oscillations prevent

measurements of small signal gain near the stop band . However ,

the gain peak seen at 8.130 6Hz in figure 18 (6100 helix volts)

near the upper edge of the output helix stop band suggests a

cor re la t ion , since it appears near the second harmonic of the

upper fre quency power hole .
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Figure l9a . Height of the gain peak (large dots) and depth of the
corresponding power hole (small dots) vs. helix voltage. Cathode
current is 0.650 amps.
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Figure l9b. Hei~ it of the gain peak (large dots) and depth of the
corresponding power hole (small dots) vs. cathode current. Helix
vol tage i s 6000 vo lts .
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Hel ix voltage, vol ts
Fi gure 20a . Frequency of the gain peak (large dots ) and twice
the frequency of the corresponding power hole (small dots) vs.
helix voltage. Cathode current is 0.650 amps.
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Figure 20b. Frequency of the gain peak (large dots) and twice the
frequency of the corresponding power hole (small dots) vs. cathode
curren t. Hel i x voltage i s 6000 volts .
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Drive-associated oscillations. In the vicinity of the gain

peak at 8.009 13Hz in figure 18, a sufficient increase in input power

over the value used for the measurement of small signal gain induced

osc illation. Figure 21 displays the threshold value of input power

requ i red to induce oscillation as a function of drive frequency , at

the same hel i x vol tage an d ca thode current as fi gure 18 . The

frequency of maximum gain in figure 18 coincides wi th the frequency

where oscillation occurred with a minimum of input power. This

oscillation at 7.994 13Hz, independent of drive frequency , behaved

in all respects like the drive -assoc iated oscillation mentioned

previously (section 11.I.A .3). Further measurements similar to

those in figures 18 and 21 indicate that the two phenomena are the

same . The proper combination of cathode current and input power at

8.0

0
‘4 . ’ )

I
C) .0

0.0
C

S.. .,-

L I V
C) .—

0 -’- -800 . 0
(n

41 0
C. -i2.0
C

-16 .0

I t i • I I I I S

7.97 7.99 8.01 8.03 8.05

Drive frequency , 13Hz
Fi gure 21 . Input power required to i nduce osc i l lat i on vs . drive
frequency , un der the same o , erating conditions as figure 18.
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the frequency of the gain peak in figure 18 induced an oscillation

which could be duplicated with input at precisely one half the

frequency of the gain peak. In the latter case , nonlinear beam

behavior produced second harmonic power which induced the oscillation.

The lower frequency power hole and the drive-associated

oscillation occuring in its vicinity have both been shown to be

harmon ically related to the gain peak at the l ower boundary of L i e

output helix stop band. Therefore , the presence of a drive-

assoc i a ted osc i l lat i on accom panyi ng the upper frequency power hole

gives further evidence of a harmonic relationship between the upper

frequency power hole and the gain peak at the upper boundary of

the output helix stop band.

Loa d ~~pendence. Measurements similar to those in figure 18

revealed the sensitivity of the gain in this frequency range to

loa d vswr . Any alteration of the attenuators , cables , an d d i rec ti onal

couplers comprising the output arm attached to the TWT resulted in

different small signal gain characteristics. Figure 22 displays the

small signal gain near the stop band vs. drive frequency at three

different helix voltages; The curves differ significantl y from

f ig ure 18 because of a chan ge in output connec ti ons . Furt hermore ,

the appearance of the power hole corres pondin g to the lar ges t

gain peak in fi gure 22 (at the l ower boundary of the output helix

stop band) reflects the fine structure of the gain peak which results

from the load vswr . Further comments on this load sensitivity are

delayed until section IV.

As a co’isequence of the above observation , the data of figures 19

an d 20 were measured with output arm unchanged throughout.
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‘~j r~- 22.  S~~a 1l signal gain vs. drive frequency. Helix voltages
are 5930, 6000, and 6025 volts for the top, middle, and bottom curves
respectiv ely. Cathode current is 0.670 amps throughout.
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1
III .A.5 FINAL MEASUREMENTS ON THE WJ-3633-5

Presence of additional power holes. Section I[I.A.4 stresses

the importance of second harmonic power in the occurance of power

suck-out. In an attempt to influence the harmonic interaction , the

TWT was driven near one half the stop band frequency with a low pass

tilter connected directl y to its output. This filter permits all

fundamental power to leave the TWT unaffecte d , but reflects all

ha rmon ic power back into the output helix section . Under these

conditions, the deficiencies in fundamental output power and helix

curren t at the suck-out frequency are enhanced. In all other respects ,

the power holes appear the same as without the low pass filter.

Ev idently, by preventing harmonic power from leaving the TWT , the

low pass filter further inhibits the interaction at the fundamental

frequency .

The preceding observation gives further evidence tha t power

suck-out resul ts from the interaction of second harmonic power at

the stop band. This, alon g w it h p rev i ous resul ts , suggests that

power holes might appear at other frequencies which are harmonically

rela ted to the stop band frequency . Subsequent investiga tion revea l ed

the presence of power suck-out at one third and one fourth the stop

band frequency. These power holes behave in all respects accord i ng

to the general description presented in section II.A.2 , with drive

induced oscillations accompanying power suck-out just as before .

The power holes at these frequencies are less pronounced than those

at one half the stop band frequency , but use of the low pass fi l ter

as described above increases the depth of these power holes, and

aids in their identification . The following table lists the results
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of measur i ng the frequency of the power holes at the helix voltages

where they appear.

Helix volta ge = 5950 volts ;
Cathode current = 0.750 amps;
frequency of power holes , 13Hz harmon i c frequency, 13Hz
1.991 4th = 7.964
‘~. c r r  .

~~~ 00~
) ira — / . 9 9 ~

3.981 2nd = 7.962

Hel i x vol ta ge = 6650 volts ;

Ca tho de current  = 0 .770 amps ;

fre quency of power holes , 6Hz harmonic frequency, 6Hz

2.042 4th = 8.168

2.72 6 3rd = 8.178
4.095 2nd = 8.190

The fre quenc i es are calcula ted to be harmon i call y relate d to the

u pp er and lower boun dar ies of the sto p ban d , as shown . The fourth ,

third , an d secon d harmoni cs of t he th ree powe r hole frequenc i es

coincide to within 0.5~ . The accuracy in measuring the frequency

of the power holes , especiall y when they are s h a l l o w , coul d accoun t

for the di scre panc i es . The presence of these a ddi t ional power holes

sug ges ts tha t  an y harmonic (not just the second harmonic) power

interacting at the boundaries of the stop band region inhibits

ampli f i cation a t the fundamen tal fre quency .
4- 

Harmonic injection. We return to consideration of the power holes

at one h a l f  t he sto p ban d fre quency, and continue in an a ttempt to

influence the second harmonic interaction. The following measure-

men ts determine the effect of harmonic injection on power suck-out.

Helix volta ge, cathode current, fundamenta l i nput power . and frequency
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are all adjusted to values where the power hole is pronounced .

The fundamenta l frequency chosen (4.000 GHz) corresponds to the

deepest point within the power hole. With these variables fixed ,

and w ith no second harmonic input power , the TWT produces 53.1 dbm

fundamental output power , corresponding to a power hole 1.7 db in

depth , with 76 ma helix interception current. Second harmonic input

power sufficient to affect TWI operation is then introduced. The

subsequen t mea surements of hel i x current , fundamental , and secon d

harmon i c ou tput power as a funct ion of relat i ve phase of fundamen tal

and second ha rmonic input power (with all other variables held

constant) appear in figure 23. Figure 23c displays the expected

behav i or of secon d harmon i c ou tput power . When secon d harmon i c

input power adds in phase with the power genera ted by nonlinear beam

behav io r , the second ha rmonic output power achieves its largest

value . But changing the phase of second harmonic input power by

180° resul ts i n cance la ti on , and minim um second harmonic output power.

T hus , as the rela ti ve phase of secon d harmon i c i nput power swee ps

through 360°, secon d harmonic  output power varies through a ful l

cycle , from m i n i mum to m ax imum to m i nimum , as in figure 23c . With

second harmon ic input power phased to produce maximum second harmonic

output power , and hence maximum second harmonic fields within the

TWT , fun damenta l output power (figure 23a) and helix current

(figure 23b) reach their minimu m va l ues. Al ternatively , with

min imum second harmonic output power , fundamental output power and

helix current achieve their largest values. This behavior supports

the previous contention that in power suck-out, second harmonic

fields wi thin the TWT disrupt the interaction at the fundamental.
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Furthermore , a correlation is seen (in this tube ) between the

deficiencies in fundamental output power and helix current , as was

first suggested in section III.A.2. But the resul ts shown in

figure 23 must be regarded with some caution. Injection of second

harmonic power affects TWT behavior at all frequencies. Input of

excessive power leads to oscil lations and degrades performance.

Also , the complexity of the experimental set-up increases the

poss ibi lity of errors or mi s inter pretation of results . Therefore ,

these results have only limited value when viewed by themselves ,

an d are best regarded as verification of previous measurements.

This completes investigation of the WJ-3633-5. All the measure-

men ts reported in section III .A were successfully dupli cated to check

their validity and preclude errors due to faulty equi pment or

carelessness. Bu t in forming conclusions about power suck-out , one

must recall that all this data derives from only one TWT. Section III.B

addresses this limitation and extends the generality of the results

presented in section II I.A by investigating other traveling —wave

amplifiers.

III.B . INVEST IGATION OF TWO WJ-3634-l TRAVELING WAVE-AMPLIFIERS

As ment ione d p rev iousl y, the l imited availability of operable

traveling -wave amplifiers deterred attempts to establish the generality

of the observations presented in section III.A. The only other

func tioning tubes found to be suitable for this study suffered from

• other defects, in addition to power suck-out , wh i ch hampere d measure-
-. ments . Conse quentl y, section III .B contains only a brief investiga-

tion designed to revea l the salient features of power suck-out in

two WJ-3634-l TWT ’s, with the objective of verifying data from the

I
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WJ-3633-5. Each of the two sections which follow discusses measure-

ments on one of the WJ-3634-l tube types .

III.B.l WJ-3634- l, SERIAL NUMBER ONE

The output helix 
~~~ 

band. The presence of a stop band at

p1 radians phase shift per helix turn in the output section of this

TWT is first established . (Data concerning the input helix stop band

are omitted as in section III.A.l , s i nce no relat ionsh ip i s found

between this stop band and power suck-out.) The relevant measure-

men ts performed on the WJ-3633-5 were repeated on the WJ-3634-l.

For the output helix structure of the WJ-3634-l , measuremen ts

of wavelength along the helix axis at discrete excitation frequencies

produced the data points display ed in figure 24* (compare to figure 7).

For this helix wound at 12.16 turns per inch , a phase shift of pi

ra di ans per hel i x turn occurs for 1/A = 2.39 cm~~, corresponding to

a frequency of 11.04 13Hz as shown . Recall that the two space harmonics

shown in  fi gu re 2 cross at th i s  fre quenc y, where a stop band results

from misaligned dielectric helix support rods. Although the

WJ-3634-J out pu t sect i on i s constructe d wi th  four d i e l ec t r i c su ppor t

rods , the qualita tive discussion of section II still applies.

As discussed previously (section III.A. 1), indications of the

presence of this stop band appear in measurements concerning

oscillations induced in the absense of input power. The curves

showin g oscillation frequency (figure 25a) and start current

• (figure 25b) vs. helix voltage imply the presence of a stop band on

*As in section III.A. 1, an output helix section iden tical to the one
in the tube under test was used in this measurement; its use eliminated
the necessity of dismantling the operable TWT.
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Figure 24. l /-~ vs. frequency on the (0) space harmonic for theoutput helix of the WJ-3634-l TWT . The frequency corresponding to
pi radians phase shift per helix turn is indicated. (The wave-
length is measured along the axis of the helix.)

the output helix section with boundaries near 11.04 and 11.17 13Hz

(note the similarity to figure 8). In this case , the stop band is

no t severe, since oscillations occur within its boundaries (compare

to the figure in the appendix).

The magnitude of the reflection coefficient looking into the

ou tput helix section can provide further information about the stop

band (see section III .A.1) . This data appears in figure 26 for the

WJ-3634-l , but its interpretation in terms of the stop band is

ambiguous.

Measurements of the crossover frequency , output helix oscillations

wi thout input power , and reflection coefficient provide compelling

indications of a stop band present at pi radians phase shift per

j helix turn in the output section of the WJ-3633-5 (see section III .A.l).
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Figure 25b. Output section start current vs. helix voltage corre-
sponding to the measurem nts in figure 25a .
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Figure 26. Magnitude of the reflection coeff icient vs. frequency
looking in the output of the WJ -3634- 1

However , the corresponding measurements performe d on this WJ-3634- l

produce less certain resul ts.  Section II explains some of the

problems associated wi th locating this type of stop band , hence

the d i f f icul ty encountered here is not unexpected. While it seems

l ikely from figure 25 that a stop band is present , conc lus i ons base d

on this result should be carefull y qualified .

Characteristics of power suck—out. The beha vior of this

WJ-3634-l is complicated by a strong load dependence , whi ch af fects

the gain peaks near the stop band , the power holes , an d a l so  the

su bstan t i al gain variations present within the bandwidth of the

TWT , as well. This prevents certain measurements concerning

power suck-out, since all conventional choices of output arm

p ro duce power holes  whose comp lex a pp earance i mpa i rs easy cha r-

acterization. (This comp lex appearance involves many narrow ,
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abrupt , closel y spaced dips.) Only wi th a low pass filter (which

transm its the fundamental but reflects all harmonics) attached to

the out put of the TWT do the powe r holes take on a simple appea rance ,

s imi l a r  to those i n f i gures l O d or l l d. A l l  su bsequen t measure-

ments were performed with the low pass filter , so no a ttempt was

made to establish a correlation relating the power holes to the

gain peaks near the stop band for this TWT . Nevertheless , substantial

gain peaks were observed in the vicinity of the stop band.

As ex pec ted , two power holes appear near one half the stop

band frequency. Their bah avior as a function of helix voltage,

cathode current, and input power confirms the observations discussed

in section III .A.2. The depth of these power holes is considerably

larger (8.5 db at maximum) than observed for the WJ-3633-5.

Consequently, both power holes appear at a single helix voltage , as

shown in figure 1 (which derives from another WJ-3634-l).

As before , power holes also appear at one third and one fourth

of the crossover frequency . The frequency of maximum power suck -out

with in the power holes appears below.

Helix vol tage = 8150 vol ts ;
Cathode current = 0.700 amps;

fre quenc y of power holes , 13Hz harmonic frequency, GHz

2.750 4th = 11.000
2.795 4th = 11.180
3.664 3rd = 10.992
3.727 3rd = 1 1 .18 1

5.500 2nd 11.000
4-’ 

5.589 2nd 11.178

The lower frequency power ho le of each pair has a harmon i c near

11.000 13Hz, whi le  the upper frequency power hole of each pair has

a harmon i c near 11 .180 13Hz. These harmonics of the power holes

i
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(which coincide to wi thin 0.1%) appea r very close to the frequencies

(11. 04 GHz and 11.17 13Hz) indicated as boundaries of the stop band

by the osc i lla ti on measureme nts of fi gure 25. Thi s corroborates

the observations in section III.A.5.

The las t observa ti on i nvolves the hel i x i nterce pt ion curren t

assoc iated with power suck—out in this WJ— 3634—1 . In contrast to

the situation for the WJ-3633-5 (see figures 14b and 15b), when

driving at the frequency of the power hole , hel i x cur rent is grea ter

than a t adjacen t frequenc i es . T hi s increase i n helix curren t i s

lar ges t under con diti ons w here the power hole p redomi nates , and

van ishes when the power hole is absent. No drive—associ ated

oscillations occured in this tube , so this behavior of the helix

current results entirely from power suck-out. A discussion of the

implications of this observation appears in section IV .

III. B .2 WJ-3634- 1, SERIAL NUMBER TWO

Investigation of the second WJ -3634-l produced results ve ’y

similar to those in section III.B.l. Therefore , only a brief

discussion accompanies this section.

The output hel ix 
~~~ 

band . For this travel ing-wave amplif i er ,

the input section osc i l la tes  at a lower beam current than the output

sec ti on preven ti n g an y measur emen ts , such as those shown i n fig ures 8

or 25, concerning the stop band. Figure 27 displays the magnitude

of the reflection coefficient looking into the Output section as

a function of frequency ; the data seems to indicate a stop band

between 11.45 and 11.80 13Hz . This is noticeably higher than the

crossover frequency predicted by figure 24, or the stop band

frequency derived from figure 25. But these two TWT ’s were

I
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Figure 27. Magnitude of the reflection coefficient vs. frequency
looking in the output of the WJ-3634- 1.

constructed severa l years before their use here , and the lack of

complete documentation hindered the accurate determination of

quant i t ies such as hel ix pi tch. Therefore , acknowledging the

possibi l i ty of minor internal differences between these TWT ’ s ,

power suck-out in WJ -3634-l serial number two was invest igated wi th

this l imited knowledge of the output helix stop band at pi radians

phase shif t  per turn .

Cha racteristics of power suck-out. Substantial gain variations

and strong load dependence affect the behavior of this WJ-3634-l

as was the case in section III .B.l . The power holes appear much the

same for both TWT ’ s ; t herefore , for t he same reasons di scusse d i n

sect i on III .B .l, all measuremen ts were performe d w i th the low pass

f i l ter connected to the TWT output. The frequencies of maximum

power suck-out in the power holes present in this WJ -3634- 1 are

l isted.

i



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Helix volta ge = 8150 vol ts ;
Cat hode curren t = 0.550 amps ;

frequency of power holes , 13Hz harmonic frequency , 13Hz

2.862 4th = 11.448

3.818 3rd = 1 1 . 4 5 4

3.915 3rd = 11.745

5.720 2nd = 11.440
5.870 2nd = 11.740

Os c illa ti ons i nter fere d w it h the measuremen ts near 2 .9 13Hz, so

only one power hole could be identified there . The l ower frequency

of each pair has a harmonic near 11.45 6Hz, wh i le the u pper fre q uenc y

of each pair has a harmonic near 11.74 13Hz. These two harmonic

frequencies compare favorably with the boundaries of the stop band

predicted by figure 27, providing further support for observations

in section III.A.5. In contrast to the situation in section III.B.l ,

a deficiency in helix current accompanies the power holes as was

the case for the WJ-3633-5 (see figures lid and 15b). But because

of problems with oscillations , no further measurements were

performed on WJ-3634-l serial number two .
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IV . SUMMARY AND CONCLUSIONS

Section III contains a detailed account of a variety of measure-

ments performed with the objective of thoroughly and systematicall y

characterizing power suck-out. Section IV.A presents a cumulative

description of the ph enomena concentrating on power suck-out , with

only a brief reference to the drive-associated oscillations discussed

in section lILA. Section IV.B proposes a qualitative model which

attempts to explain the prominent features of power suck-out.

IV .A  SUMMARY OF THE RESULTS

The resu lts reviewed here derive primarily from one WJ -3633-5

high power sin~1e helix dual mode amplifier which operates near

6000 helix vol ts  w i th  0.7 amps cathode current. Data from two

WJ -3634-l TWT ’ s (presented in section III.B) corroborates these

results , al lowing the observations to be generalized beyond

application to one part icular device.

The axial  period ici ty of a helical conductor in free space

determines features of the propagation character ist ics.  But the

design and construction of pract ical helix slow wave structures

creates additional periodicit ies which affect propagation . In

part icular , a stop band appearing at pi radians phase shif t  per

helix turn results from the periodicity commonl y introduced by

imperfect alignment of dielectric helix support rods.

Power suck -out , character ized by two adjacent power holes in

the fundamental output of the TWT , occurs at one half the stop

band frequency of the Output helix. T e  power holes typically

have a bandwidth of O.5~ with depth , which depends strongly on

operating parameters , ranging up to 5 db. An increase in

I
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I
cathode current signi ficantly enhances the phenomenon so that it

is most troublesome in dua l mode ECM TWT ’s . To each power hole

there corresponds a helix voltage for maximum depth . The helix

vol tage where the lower frequency power hole predominates is less

than the helix voltage where the upper frequency power hole predom-

inates. Any change away from these “opt imum ” helix voltages results

in a decrease in the depth of the corresponding power hole. (A

change of ±51 in helix voltage essentially eliminates the power

hole.)

Furthermore , the frequency of maximum power suck -out varies

with helix voltage and cathode current. For the WJ-3633-5, an

increase in helix voltage causes the power hole frequency (approx-

ima tely 4.0 13Hz) to increase at 60 kHz/volt , while an increase in

cathode current causes the power hole frequency to decrease at

60 kHz/ma . Both power holes exhibit the same dependence so that

their separation remains constant , independent of cathode current

and hel ix vol tage.

Comparisons made between TWT operation with input at the

frequency of the power hole and with input at an adjacent frequency

(unaffected by the power hole) reveal the characteristics of power

suck-out as deviations from norma l amplifier behavior. Both power

holes display the same dependence on input power , so the following

descript ion applies to either at the appropriate values of helix

vol tage and cathode current where tha t particular power hole is

pronounced. At small signal input levels , the phenomenon is absent.

Not unti l fundamental input power is within 15 db of saturation

drive does the power hole begin to appear. As input power is
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increase d in  the WJ-3633-5, the deficiency in fundamental output

power grows , reachin g its maximum value 10 db below saturation drive .

Th is deficiency decreases with higher input power levels , and the

power hole eventually disappears with the TWT slightly overdriven.

The hel i x interce pt ion curren t accom panyi ng the power hole

dev i a tes from the value a t adjacen t frequenc i es . The magni tude of

this deviation correlates with the depth of the power hole, exhibiting

the same de pen dence on hel ix vol tage , cat hode curren t , and in pu t

power. But while an increase in helix current appears with the

powe r holes i n one TWT I a decrease acco mp an i es them i n another .

(We emphasize that the change in helix interception current discussed

here resul ts from power suck-out , and not from the drive-associated

oscillation which appears under certain conditions at essentiall y

the same frequency as each power hole.)

For all levels of input power , the second harmonic output power

reaches a maximum valu e with input at the frequency of the power

hole. The magnitude of the enhanced second harmonic output power

is insufficient to account for most of the power “missing ’ at the

fundamen tal (in the power hole). Neither can the second harmonic

gain peak alone exp la in the power hole  at fun iamental  , s in ce harmon i c

gain peaks appear at other frequencies with no corresponding power

hole in the fundamental. The power holes occur only under specific

con ditions, one of which requires that substantial harmonic power

is present near the frequency of the output helix stop band at p-i

radians phase shift per helix turn.

Distinctive gain peaks appear when driving the TWT near the

frequency of the output helix stop band . One substantial gain

I
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peak occurs at the l ower boundary of the stop band at precisely the

second harmonic of the l ower frequency power hole of power suck-out .

At helix vol tages and cathode currents where this gain peak

predominates , the power hole is pronounced. Any change in helix

voltage or cathode current which reduces the magnitude of this gain

peak correspondingly diminishes the depth of the power hole. And

the frequency of the gain pea k varies with helix voltage and cathode

cur ren t  i n a way that ma i n ta i n s  the prec i se secon d harmon i c rela ti on-

ship with the power hole. The output helix stop band is therefore

clearl y involved in the occurrence of power suck-out.

In addition , power suck-out also occurs at one third and one

fourth of the output hel ix stop band frequency , with the power holes

similar in appearance to (though less pronounced than) those which

occur at one half the stop band frequency . At both of these l ower

frequencies, the behavior of the two adjacent power holes in

fundamenta l output as a func tion of helix voltage , cathode current ,

and input power coincides with the description given above. The

power holes occuring at the lower frequency in each pair have a

common harmonic at the lower edge of the stop band , wh i le the powe r

holes corres pon di ng to the u pper fre quency i n each pa i r have a

coninon harmonic at the upper edge of the stop band .

This concludes the surmia ry of the experimental description of

power suck-out accomplished in this report. Specific data contained

in section III quantitatively supports each of the characteristics

descr ib ed above. W hi le con fi rm i ng some of the observat i ons w hi c h

preceded the investigation (listed in the introduction ), th i s re por t j
cQr rects some and establishes a more thorough , precise description

of the phenomenon.

._ . -



- - -—--4- --- .--~~~~~~-- - - 4 -  -- - -4- - - -- -- - - -  ----— - 4 - - — - - -  4-~~~~~~~~~
’
~~~~~~

I
IV.B A PROPOSED MODEL TO EXPLAIN POWER SUCK-OUT

— Section IV.B now attempts to interpret and interrelate the

resul ts presented in section IV.A within a self-consistent theory .

The substantial gain variations which appear at frequencies

above the designed bandwidth of the TWT (figure 18) have been dis-

cussed by Cohen ’3 . Due to poor output match within the TWT at

these frequencies (figure 9), a considerable fraction of the power

incident on the output connection is reflected back onto the output

helix section. As this reflected power propagates toward the input

of the tube , any discontinuity will cause an additional reflection.

Such reflections might occur at the sever between input and output

hel ix sections. Thus, the twice reflected signal returns to the

TWT ou tput , and the round trip phase shift determines its relation-

ship to the original signal. For frequencies where the round trip

phase shift is an even multi p le of pi , signals add in phase at the

ou tput and maximum gain results . And for frequencies where the

round trip phase shift is an odd multiple of pi , the signals cancel

at the Output and minumum gain occurs. Note that based on this

in ter pre tat i on , at a frequency of maximum gain , standing waves

a ppear on the ou tp u t hel i x sec t ion , wh i le much smaller f i el ds are

present at a frequency of minimum gain. Also , the dependence of

propagation constant on frequency determines the spacing between

gain peaks , while the height of the gain peaks depends on the round

trip gain (or loss) of the reflected signal.

Recall that changes in helix voltage and cathode current alter

the propagation constants for the hot circuit. Consequently,

within this model , the frequency of maximum gain , where round
T
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trip phase shift is an even multiple of pi , is expected to depend on

helix voltage and cathode current. Such behavior was observed in

section III .A.4 (figures 20a and 20b). This explanation of the gain

peaks also accounts for their load dependence (compare figures 18 and

22). since any change in the output connection will affect the

i nternal reflec tions whic h generate these ga i n variat i ons.

To con tinue developing the model , we exam ine the effect of a

s top band i n the output hel i x sec t ion on the behavior of the ga i n

peaks. As discussed in section II , the characteristic low group

ve locity near the boundaries of the stop band results in high inter-

ac tion impedance at these frequencies. Thus , we ex pect enhance d

gain peaks to appear at the boundaries of the stop band under certain

operating conditions. Attenuation accompanies propagation within the

stop band (section II , figure 6) so gain in this region is expected

to be low . Figure 18 displays all these features: two substantial

gain peaks separated by an abrupt minimum appear at the stop band

frequency measured in section II I.A.l.

According to this model , any change in helix voltage which

disp laces the frequency of the gain peak away from the region of

low group veloci ty (and high interaction impedance ) should diminish

its magnitude ; the data in figure l9a support this conclusion.

(The small changes in helix voltage along the abscissa of the figure

do not significantl y af fec t the synchron i sm between circuit and

slow space-charge waves.) However , both forward and backward wave

interactions can occur near the stop band, where the proper

synchronism exists between the slow space—charge wave and both

forward and bachward cir cuit wave phase velocities. Also , the

I
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behavior of the stop band compl i cates any analysis , so little can

be said about the spacing of the gain peaks , or even the mechanism

of gain involved at these frequencies. Nevertheless , the model

successfully explains the presence of enhanced gain peaks at the

boundaries of the sto p band , and predicts that large standing wave

fields on the output helix section will accompany amplification at

the frequency of these gain peaks.

With these considerations in mind , cons ider TWT operation under

conditions where a gain peak appears at one boundary of the stop band

with its characteristic high interaction impedance. With input power

a t one ha l f  the frequency of t he ga i n pea k , un der smal l  sig nal

condit ions, the beam behaves l inearly an d normal am p l i f i c a t i on

occurs . But increased input power produces nonlinear beam behavior

resulting in harmonic power within the tube . Then , accord i ng to

previous assumptions, the gain peak at second harmonic produces

large standing wave f ields in the output helix section as well as

enhanced second harmonic output power . These secon d harmon i c fiel d s

on the output section af fect the electron beam : longitudinal

fields disturb the bunching process essential for amplification at

t he fun damental , and radial fields defocus the beam . The combined

effects of the second harmonic fields in the output helix section

inhibit the interaction at the fundamenta l producing the power

hole cha racterist ic of power suck-out.

T Th is model is consistent with the results of section III. As

shown in  f ig ure 14a , the power hole appears only at input power

levels which produce nonlinear beam behavior . Furthermore , the

lower frequency power hole occurs at precisely one half the frequency

I
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of the enhance d gain peak at the l ower boundary of the stop band

(figure 20). The depth of the power hole correlates wi th the

magnitude of this gain peak , showing identical dependence on helix

volta ge and cathode current (figure 19). This last observation

clearl y indicates that the power hole occurs only under operating

conditions where the gain peak is pronounced . And power holes

appear a t other fre quenc i es w h i c h have harmon i cs at e i the r  boundar y

of the stop band (page 65). Finally, the results of the experiment

on harmon i c i nject i on emph asize the i mpor tance of harmonic fields

in producing power suck-out (figure 23).

As a conse quence of the model p ropose d here , we can interpre t

the change in  hel i x i nterce pti on curre nt whi ch accom pan ies power

suck-out (figure 14b). (We again emphasize that the deviation in

helix current under discussion results from power suck-out , not

from the drive -associated oscillation discussed earlie r.) Two

opposing effects determine the behavior. First , s i nce am p l i f i cat i on

a t the fun damen tal di s tur b s elec tron tra jec tor i es , the reductio~ in

fun damen tal out put i n the powe r hole ten d s to reduce the hel i x

interception current. But the harmonic fields which inhibit the

i nterac ti on a t the fundamenta l  defocus the beam an d increase he l i x

curren t. The overall change in helix current in a particualr TWT

de pends on w hi ch effec t dom i na tes , as determ i ned by various

p ro pert i es suc h as t he qual i ty of beam focus , the rat i o of average

-. beam ra di us to hel i x rad ius , or the magnitude of harmonic fields.

Thus , the behavior of helix current associated with the power

I hole  w i l l  vary between TWI ’s, a dip in current appearing in one

device, but a peak in helix current occuring in another , as was

~

84-

--4- _ — ---



4-- - - ‘ ‘~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ 4-~~~~~~~~~~~~~~~~ - -4-- - - -~~~~~~~-. — ’ - - - -  4 - - -. - - - -
~~~~~~~~

observed in section III.

The qual i tat i ve model p resen ted in thi s sect ion attempts to

explain power suck—out in a manner which is compatible with the

resul ts of section III. This discussion supplements the experimenta l

investigation of the phenomenon by providing a plausible interpreta-

tion for the various results. For simplicity , the i ntui t i ve model

proposed here avoids the complexity of a thorough analysis.

However , s i nce fur ther conclus i ons cannot be just i f i ed w i thout a

more rigorous theory , thi s comp le tes the ex per imenta l charac ter i za-

tion of power suck-out undertaken in this report.

V. RECOMMENDATIONS FOR DESIGN AND FURTHER STUDY

The fi rs t hal f of sec ti on V su gges ts researc h to cont i nue

this investigation. The report concludes in section V.B with

discussion of design considera tion to reduce power suck -out.

V.A  FURTHER STUDY

The measurements described in sections III and IV provide a

firm basis for a theoretical solution to power suck -out. The

development of a comprehensive theory which goes beyond simple

elaborations of the model in section IV requires computer analysis.

A conven ti onal lar ge s ig nal program coul d be modifi ed to inclu de

the effect of the stop band (at pi radians phase shift per helix

turn) on the harmonic fields. Clearly, a careful cons ideration of

helix propagation at frequencies near the stop band is needed .

Additional measurements mi ght investigate the effect of various

design parameters , such as helix tape width or oscilla tion suppres-

sion techniques , on the appearance of power suck-out. In particular ,
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more information is needed to understand what determines the depth

of the power holes. Comparison of measurements performed before

and after physical changes in a particular TWT would provide useful

design information. For example , one might evaluate the effect

of shifting the alignment of a helix support rod on characteristics

of the stop band and power suck-out. Finally, an exam i nation of

t he spen t elec tron beam en ter i n g the col lec tor shoul d i nd i ca te some

aspects of the interaction producing power suck-out.

V.B DESIGN

As suggested before this report (see introduction ), the output

helix stop band at pi radians phase shift per helix turn plays a

significant role in power suck-out. This observation indicates that

careful construction techniques which avoid introducing the stop

band should suppress the phenom enon. Efforts to improve the output

match nea r the stop band frequencies would reduce the gain peaks

associated with the power holes (section III .A.4) further inhibiting

power suck-out. The load vswr at the output helix stop band should

also be minimized. Unfortunately, these des ig n recomen da ti ons

are difficult to enact. Neverth eless , recalling the importance of

harmonic powe r to power suck-out (section III.A.4), it is expected

that by greatly attenuating all harmonic power, the phenomenon can

be eliminated. The lossy , resonan t mean der l i nes de pos it ed on

helix support rods , as designed by Varian Associates (discussed

by C. E. Hobrecht 14 ), in tro duce such a ttenua ti on an d shou ld

consequently effectively contro l power suck-out.
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APPENDIX: EXPERIMENTAL SET -UPS AND EQUIPMENT

This appendix discusses measurement techniques , equipment ,

and resulting l imits of accuracy to supplement the data of

section III.

In this study , the travel ing-wave amplif iers are operated on

a Universal Vol t ronics power supply (for helix voltage , collector

voltages, grid voltages , cathode current , an d f i lamen t vol tage

and current). The TWT operating parameters important to this

invest igat ion are monitored as fo l lows . The helix voltage (relative

to cathode) is measured on a digital voltmeter accurate to within

l~ . Due to the linear behavior of the voltage divider in this

meter , the voltage changes involved in the measurements displayed

in figures 101 , l9a , or 2Oa are also known to this accuracy , wi th

a precision of one volt. A pearson Electronics pulse current

transformer (to ro id) deter m ines cathode current with less than

5 .  error. Once again , the character is t ics  of this device a l low

measurement of changes in cathode current (which is the important

quantity in the resu l ts )  involved in figures l9b or 2Ob to the

same accuracy , wi th a precision of 10 ma. Helix interception

current passes through a resistor and measurement of the voltage

drop determines this current wi th  an accuracy of 5~ .

—. The fo l lowing l is t  summari zes the equipment used for the

measurements discus sed sect ion III.

Narda Microwave : direct ional couplers
variable attenuators
co-axial phase shifter
slotted line impedance meter
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Hew le tt Packar d : swee p oscil lators
crystal detec tors
co—ax ial to rectangular waveguide

adapters
fre quency me ters
8742A reflection test unit (2.0-

12.4 13Hz)
84llA h~ ’monic frequency converter
841OA network analyzer
84l4A pc~’lar display
7O44A x-y recorder
4l5E SWR meter

Weinschel Engineering :
attenuators

Tektronix:  7403 osci l loscope

General Microwave:  454A thermoelectric power meter

Microlab: FXR I low pass f i l ter

Two of the components l is ted above impose important l imits on

experimental resul ts .  The thermoelectric power - meter permits

measurement of microwave power at a single frequency accurate to

wi th in  0.1 db. Frequencies can be determined wi thin 106 Hz

(0.001 13 Hz) by the Hewlett  Packard frequency meter. We now proceed

to describe the use of this equipment for obtaining the results

of sect ion III.

The configuration for measuring fundamental output power

and second ha rmonic output power as a func tion of input power

(a t  discrete frequencies ), helix vol tage , and cathode current appears

in f igure 28 . Beginning at the input arm , we briefly explain the

set -up. The low pass f i l ter fol lowing the sweep oscillator removes

all harmonics from the input signal. The variable attenuator

adjusts the level of input power , which is measured wi th  thernio-

electric power meter ~l. D.C. filters on the TWT input and output

eliminate undesired ground paths for the helix interception current.
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Figure 28.

A low pass f i l ter  on the f i rs t  aux i lary  output arm el iminates al l

harmonics , al lowing measurement of fundamental output power on

power meter ~2. The band pass f i l ter  in the second auxi lary output

arm cons is ts  of a low pass f i l ter  and a length of rectangular w av e-

guide (high pass f i l te r )  which combine to pass onl y the second

hariiionic output power , which is then measured on power meter ~3.

Frequency meters inserted before each power meter determin e ~~
var ious frequencies. For swept frequency measurements . c r . s  ‘ ‘

detectors w i th  osc i l loscopes (g iv ing faster  response t ime ) r t. 1&

the thermoelectric power meters.

Har mon i c in ject ion (see sect ion I I I .A .5 )  is per 4 r’-
~~ -

conf igurat ion shown in figure 29. As in the prt L.~ i~I
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Figure 29.

power meters #2 and #3 measure fundamenta l and second harmonic output

power, respectively. In this case, the second harmonic output is

adjusted in amplitude and phase and injected at the input of the

TWT under test. Power meter #1 monitors the level of injected

harmonic power. The various filters and their functions are

identical to those described previously.

Oscillations without i nput power were investigated as follows

(figure 30). At a particular helix voltage, cathode current is

increased until osc il la tion occurs . The frequency meters determi ne

oscillation frequency. Output section oscillations appear only at

the TWT output~ input section oscillations appear at the TWT input ,

I and are carried onto the output section by the electron beam , as well.
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Hence , output oscillations cannot be investigated if the associated

start current exceeds the input oscillation start current. For this

reason , complete data of start current and oscillation frequency

are usually available only for the input helix section. Such

results are displayed below for the input section of the WJ-3633-5

studied in section III .A.l. The two figures clearly indicate the

presence of a stop band; these results are provided for comparison

to figures 8a and 8b.

The reflection coefficient looking into the output helix section

1 . is measured with a standard set-up of the following Hewlett-Packard

equipment: sweep oscillator , reflection test unit, ha rmoni c frequency

conve rter , network ana lyzer , polar display , and x-y recorder.

Finally, a small metal bead is suspended on a nylon line along

the helix axis (of a partially assembled TWT). The bead reflects

signals introduced onto the helix , producing standing waves .

Using the SWR meter and slotted line impedance meter to determine

wavelength at a particular frequency results in dispersion curves

~ I 
such as the one In figure 7.
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